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DRYING  CORN  AT  THE  COUNTRY  ELEVATOR 


The  change  from  ear  corn  to  shelled  corn  harvest- 
ing in  Illinois  has  created  a  large  volume  of  high- 
moisture  corn  in  the  marketing  channels.  The  practice  of 
marketing  corn  directly  from  the  field  has  placed  much  of 
the  burden  for  conditioning  this  high-moisture  corn  on 
the  country  grain  elevator.  The  volume  of  corn  dried  at 
Illinois  elevators  increased  from  approximately  121  mil- 
lion bushels  in  1963  to  approximately  228  million  bushels 
in  1969.  During  this  same  period,  the  volume  of  corn 
marketed  directly  from  the  field  increased  by  65  percent 
and  intensified  the  seasonal  pressure  on  drying  capacity. 
Some  elevators  have  willingly  accepted  and  encouraged 


this  added  responsibility  as  an  opportunity  to  increase 
profits  through  expanded  services  to  farmers.  Other 
elevators  have  been  forced  to  accept  the  added  burden  of 
drying  as  the  only  means  of  maintaining  their  competitive 
position.  Nearly  every  elevator  operator  in  the  state  has 
had  to  face  the  decision  of  adding  drying  capacity  to 
existing  facilities;  to  decide  wisely,  he  needs  information 
on  management  techniques  and  on  costs  and  returns 
associated  with  conditioning  high-moisture  corn.  This 
report  should  help  both  elevator  managers  and  farmers 
select  conditioning  systems  and  improve  the  efficiency  of 
their  grain  conditioning  equipment. 


DRYING  COSTS 


Whichever  method  is  used  to  reduce  the  moisture  level 
of  corn  —  heated  air,  unheated  air,  or  natural  dry- 
ing in  the  field  —  the  basic  principles  involved  remain  the 
same.  The  energy  that  must  be  applied  to  the  kernel  is 
determined  by  basic  physiological  relationships  in  all  three 
cases,  but  the  relative  efficiency  of  a  specific  technique 
and  the  cost  of  the  energy  may  vary  widely. 

Energy  Requirements 

The  energy  required  to  vaporize  free  water  at  212°  F. 
(the  latent  heat  of  vaporization)  is  970  Btu's  per  pound 
of  water.  Vaporization  at  lower  temperatures  requires 
more  energy;  at  150°  F.,  for  example,  1,008  Btu's  per 
pound  are  required.  Vaporization  of  grain  moisture 
requires  even  more  energy  since  the  moisture  in  grain  is 
not  as  readily  available  as  free  water.  Drying  shelled 
corn  that  contains  22  percent  or  more  moisture  at 
150°  F.  requires  about  1,100  Btu's  per  pound  of  water 
removed.  As  corn  moisture  is  reduced  below  22  per- 
cent, the  latent  heat  of  vaporization  increases:  at  14- 
percent  moisture  content  the  latent  heat  of  vaporization 
is  about  1,170  Btu's. 

These  latent  heat  of  vaporization  values  can  be  ap- 
proached in  slow  drying  systems  characterized  by  low 
airflow  rates;  in  heated  air  drying,  however,  where  air- 
flow may  be  as  high  as  100  cfm  per  bushel  or  more, 
efficiency  is  sacrificed  for  speed  in  drying.  Heated  air 
drying  of  shelled  corn  in  the  fall,  when  outdoor  temper- 
atures are  in  the  50's  and  60's,  will  typically  require  about 
2,000  Btu's  of  fuel  per  pound  of  moisture  removed.  In 
the  winter,  when  temperatures  are  lower,  more  heat  will 
be  required. 

Costs  of  Drying 

The  choice  among  alternative  systems  for  drying  grain 
should  be  based  upon  the  costs  of  drying  and  the  quality 
of  the  dried  corn.  Costs  of  drying  can  be  classified  as 
either  direct  or  indirect;  depending  upon  the  individual 


elevator,  the  specific  cost  items  in  each  category  may 
differ.  Direct  costs  include  fuel  and  power  used  as  energy 
in  removing  moisture,  labor  required  to  service  and 
operate  the  dryer,  taxes,  insurance,  and  repairs  associated 
with  the  dryer.  Indirect  costs  include  depreciation,  interest 
on  investment,  administrative  salaries,  and  a  prorated 
share  of  associated  services  such  as  handling,  weighing, 
sampling,  etc.  Direct  costs  per  bushel  are  relatively  con- 
stant for  any  volume.  Indirect  costs  per  bushel  decline 
rapidly  as  volume  increases. 

Energy  requirements  and  the  price  of  fuel  provide  an 
estimate  of  the  minimum  cost  for  removing  water  from 
corn.  Assuming  that  an  energy  input  of  about  2,000  Btu's 
is  required  to  remove  one  pound  of  water  from  shelled 
corn  and  that  the  price  of  natural  gas  is  seven  cents  per 
therm,1  the  fuel  cost  would  be  0.14  cent  per  pound  of 
water  removed.  To  dry  a  bushel  ten  percentage  points 
requires  the  removal  of  approximately  nine  pounds  of 
water  at  a  fuel  cost  of  about  1V4  cents.  Since  no  com- 
mercial dryers  use  energy  100  percent  efficiently,  this 
figure  indicates  a  lower  limit  on  fuel  costs  rather  than 
the  average  fuel  cost  for  commercial  installations. 

Survey  of  Drying  Costs 

Besides  variations  in  ambient  air  conditions,  gas  rates, 
and  the  moisture  content  of  the  corn,  other  factors,  less 
well-defined,  affect  the  degree  to  which  any  individual 
elevator  can  approach  a  minimum  cost  level.  To  obtain 
estimates  of  costs  under  actual  operating  conditions,  30 
elevators  in  central  Illinois  were  asked  to  provide  data 
on  their  drying  operations  for  the  four  crop  years  1967-68 
through  1970-71. 

The  four-year  average  of  selected  cost  items  for  each 
elevator  is  shown  in  Table  1 .  Averages  for  gas  costs,  dryer 
size,  hours  of  operation,  total  bushels  dried,  and  begin- 
ning and  ending  moisture  levels  were  all  calculated 
directly  from  data  provided  by  elevator  managers.  Most 

1  1  therm  =   100,000  Btu's. 


This  circular  was  prepared  by  Lowell  D.  Hill,  Associate  Professor  of  Agricultural  Marketing,  and  Gene  C.  Shove, 
Professor  of  Agricultural  Engineering. 


o 

■ 


>> 

1-1 
+-> 
C 
3 
o 
o 

o 

<u 

t— I 


C 

•  t-l 

>, 

'1 
T3 


[A 

o 
o 

<u 
c« 

> 

u 

<u 
■ 

O 

to 


H 


a  5 


o 

© 

1   >- 

u  .fl 

w  '5 

o 


c  -_■ 
o  u 

Oh 


bO 

©  " 

a 


12 


^    w    JJ 

So    3 


r3         wi 

'3  fl  -fl  .H 


i"° 


, — i      W5 

3  ©   v 
u  sift 


«   O    M 
3   to    fl 

S  3'^ 

fl    n    u 
<©"° 

••fl  £  fe  s 

«    Ni 

U —     © 


3 


H   CO   ©   ©   O  OiaHOMin  ©  CM   O   H  1^-  rnlDNCOOl  (DiONOON  NrnCON-H 

©  *  ©  cm  cm  co  ©  r^  n  co  ^Nocoin  o^-nh  co  h  *  *  cm  cm  co  ©  ©  h 

ciMio^-rH  rNNco^f-  m  co  ©  ©  n  ,—  —  co  co  lo  *mONffi  mNNtxo 

mniOitco  cm  co  ©  t^-  n  co  co  co  ©  ©  ©  o  co  r^  ©  tDmi-inm  r^  ©  ©  m  co 


CM 


co  cm  m  co  n  ©  r^  r^  n  © 

O  *  ©  t^  CM  CM  ©  —  m  n 

CMOOOO  O  ©  CO  CM  * 

ooooo  ooooo 


©  ©  *  ©  n  io  t»"  en  ■*  ^ 

CO  r^  ©  n  CO  ©  ©  ©  *  CM 

O  O  O  CM  CM  n  OJ  O  i-  -i 

OOOOO  OOOOO 


SO  *  O  O  (O    ©  CM  ©  ©  © 

rnOCNOr-       ^-   ^    ^    ^    O 

ooooo   ooooo 


CI  CO  O  CO  N  ©  m  ©  [^  ©  CM  O  ©  n  O  rH  (N  ffl  rH  J) 

cnho  to  id  m  00000*10  eotOrtioio  co  ■—  r^-  ©  © 

OCO*COrn  CM  *  CO  LO  CO  ■*  ©  m  CM  n  ©  CO  ©  n  O 

n  O  O  O  O  O  O  n  O  CO  O  O  O  h  h  -hNO-hh. 


©  m  ©  CM  O  "tOiOOlO 

©  (^  CO  ©  CO  ©  ©  CM  lO  © 

<-CNO-  CD  n  ©  CM  n  CO 

"ONOO  n  O  1-  n  o 


T—t^t^t^io  oniococi 

flrfifO*  ©  n  ©  ©  CO 

Mr<HHO  Ovh-+^.^ 

ooooo  o  o  o  o  n 


o  cn  o  n  o  *  cm  ©  *  r~  m  o  m  r^-  cm  ©  ©  ©  ©  * 

CM  ©  O  ©  *  1"^-  ©  ©  *  —  *  ©  ©  *  t-~  COCOintOrH 

n  ^-  CO  CO  CO  *  r^  „  CO  CO  CO  O  IO  O  CM  CO  CM  CO  CO  h 

OOOOO  OOOOO  OOOOO  OOOOO 


rl  CO  O  O  n  lOlOOClrH 

*  CM  ©  *  m  ©  ©  ©  r^  © 

©  ^i  ©  r~  m  r^  r^  ©  cm  © 

*-■  i-i  O  O  O  O  O  CM  i-i  © 


CM  ©  ©  ©  if  rnOlfNOiO  UlCONiOIO  iTllD  rn  ,,  m 

©  CO  -i  CO  "f  to  *  >-  w  o  ©  CM  ©  r^  CM  O^-OO 

©  n  O  n  CM  ©  ^i  ^-  r~~  ^  n  m  CM  ©  ©  ON-  CO  CO 

Ot-.^-.CNCM  CO  *  n  CM  CM  CM  O  CO  O  h  CM  h  CM  ^i  O 


CD  CM  —  CON  ©  CO  ©  ©  (-- 

©  r^-  cm  *  *  ©  r^  ©  r^  cm 

*  CM  ©  ©  *  CO  m  m  CO  © 

ooooo  ooocmcm 


-■rHiONtO  rniOiHON  ©  CM  CM  ©  m  n  ©  ©  ^i  © 

COOOCDCM  CM  *  t}-  ©  m  ©  xf-  n  in  i~^  CO  O  r^  CM  m 

©  cm  m  ©  ©  cm  co  r-^  m  ©  r^  cm  r^  m  *  incite  i)"-i 

ooooo  ^-  o  o  o  o  ooooo  ooooo 


Or-i^cocD  ©  ©  ©  co  © 

©  ©  ©  O  ©  ©  n  ^i  CM  "f 

CO  CM  CO  *  ©  *iT)CO  COlO 

OOOOO  OOOOO 


O  t^  if  ©  ©  ©  ©  t~-  O  CM  ©  ©  CM  CM  *  t^~  ©  if  ©  © 

comooco  ©  co  r-  m  ©  o  cm  m  if  ©  cocoooctD 

if  CM  CO  ©  CO  m  ©  CO  ©  ©  CM  ©  CO  ^-  ©  CMCOCOCMCM 

OOOOO  OOOOO  O  n  ©  O  O  OOOOO 


coqiono  m  ©  o  ©  h 

CMCOCMCOCO  i  O  CM  O  CO 

OOWi-N  I^»  CO  CM  CM  if 

■HrnCMrnrH  O  r-  rH  N  (£l 


cicotot^^  ooir-icon  OcoMrv*  lOai  +  iooi 

•f  ©  CO  ro  CO  ©  CM  [^  CM  CO  ©  n  m  *  CM  CO  O  ©  CM  CM 

cor^r^csioo  co  *  t^  *  co  'Oi^cOiDif  Oco^iOCM 

O  O  O  i-i  O  i-i-iO'—'^  i-CMCOi-CM  CO  ^-.  i—  i—  r-. 


i—CD-^ijico   ocdooloo   omniom   cocooOio   ict^t^-cocD   «—  ct>  ■*  ©  m 
t^cococDCD   CDcocotDco   cotocoioN   cocoio'Or^   coMotom   loltjioio© 


^UT-COO 


LO 

-f 

CO 

Tf  CO 

lO  rh1  CO  iO  it* 

t}<  uo  lO  tJ-  io 

irjio*'** 

■*f  m  ■*  co  co 

-*  co  •*  ■<*■  m 

,_ 

© 

^H 

rf  uo 

OMfNioO 

cm  m  co  ©  © 

*  co  co  to  © 

m  *  ©  cd  m 

cm  Tt>  "^  co  in 

CM  CO  CM  CO  CO 
CM  CM  CM  CM  CM 


co  ©  in  o  in 
©  CD  ©  m  r^- 
co  CD  ©  CO  CM 


*  CO  CM  i-  CM 
CM  CM  CM  CM  CM 


o  m  ©  m  Tt* 
lo  r^  r^  •*  co 

©  ©  ©  CD  •* 


CM  ^h  CO  i-H  CM 
CM  CM  CM  CM  CM 


m  O  r»  cm  cm 
*  m  r^  m  © 
m  r^  i-i  cm  co 


CO  CO  ©  O  CM 
CM  ii  ^h  CM  CM 


CM  LO  LO  ©  © 

CO  ©  ©  ©  ii 

cm  ©  ©  m  © 


CM  CO  ©  ©  © 
CN  CM  n  n  n 


CO  CM  ©  ©  CO 
1^  CM  ii  CM  © 
■*  O  ©  CO  CM 


©  ©  ©  ©  m 

n  n  n  n  CM 


co  ©  co  r^  m 

CO  ^-  ©  rj-  CM 

©  ©  CM  CO  © 


©  in  co  *  * 
©  r^  r^  ©  -*■ 
if  co  ■*■  *  © 


©  m  ©  ©  n 
©  ©  n  r~-  © 

COCOCMiCM 


©  n  ©  CO  © 

©  ©  m  ©  © 

t^  CO  n  CM  CO 


m  ©  ©  ©  © 

"tOurni 

n  m  co  ©  t^ 


©  *  ©  *  © 
©  r^  O  cm  co 

CO  ©  CO  CM  CM 


CMr^coci*    Oco©©©    om©ij-o    oO©Oo    O©©mco 

-HttCOiN     OO©©©     ©l^©©LO     LOLOinOO     iOO"tlOCN 

mur^Tf©    0©©om    ocoocjin    cMCMr^inin    cmoo-^co 


*  m  ©  Tt-  cm 

i*-  O  CM  CM  CM 
Tt>  Tt<  ■*■  tO  CM 


t^  O  O  n  n 
O  CO  ©  ©  CM 

©  ©  i*-  ©  m 


©©r^©t^    ©i*"r^©m    ©Om©©    co1^*  <Nr-    ©oo©cm 
nnOic  io   CMCcM-fin   ©mr^cMTt-   nOoim   i*-co©©o 

CMt^it'CM©     ©©n,iii     Tt"©©nCM  r^cot^if     CMOCM^hCM 


OtOLOiJ.^  COCMCOiO  CM©COCMCM  ©r^O©m  n©©^iO 
©*r^©CM  itNCNOICO  ©©©COr^  CMCOcO©CM  COif©CMO 
CO©©i^-CM     CMlOCMMO     Mf  OcOlO     CO©*©©     LO  N  CO  CM  CM 


CO  ©  *  ©  CM 

m  ©  o  cm  © 

*  CO  ■*  ©  © 


*  ©  *  ©  © 

m  ©  ©  ©  o 

*  ©  ©  CO  © 


ooooo  ooooo  ooo©o  ©o©oo  OOOOO  ooo©© 
oo©©o  oooino  oomoo  ©©omo  m©©oo  ©©©©© 
o  o  Is  *  cm   coco^it  o    inLomcoif    ©moco©   i^oocMm   ©\t-oom 


CM  CM         n  CM     I-1  CM  n 


^h  CM  ^i   r~  r- 


1-       HiHrH^ 


©t^©©0     iCMCOitlO     ©I^-©©0     nCMCOr}-in 

H       ^H   ii   n    ^1   ^H       HrHrHHIM      CMCMCMCMCM 


©  r^  ©  ©  O 

CM  CM  CM  CM  CO 


electricity  costs  were  estimated  on  the  basis  of  motor  size 
and  hours  of  operation.  To  maintain  comparability 
among  elevators,  labor  ccsts  were  calculated  by  assuming 
that  all  elevators  operated  24  hours  per  day,  using  !4  of  a 
man's  time  during  the  8-hour  working  day  and  all  of  a 
man's  time  at  time  and  one-half  for  the  remaining  16 
hours. To  avoid  variability  due  to  accounting  procedures, 
the  reported  data  on  depreciation,  repairs,  taxes,  interest, 
and  insurance  costs  were  replaced  with  a  calculated 
value  based  on  a  percentage  of  the  original  investments. 
The  taxes  and  insurance  rates  in  effect  in  each  geograph- 
ical area  were  obtained  from  county  tax  offices  and 
insurance  agents.  The  volume  of  grain  dried  was  con- 
verted to  the  number  of  equivalent  bushels  of  20.5-per- 
cent moisture  corn  dried  to  15.5  percent,  on  the  basis  of 
actual  pounds  of  water  removed.  As  shown  in  Table  1, 
gas  costs  per  bushel  per  point  ranged  from  a  low  of  .071 
cents  to  a  high  of  .643  cents.  Total  costs  varied  from  .274 
cents  to  2.18  cents.  Explaining  these  differences  could 
provide  guidelines  for  increasing  drying  efficiency  at  the 
country  elevator. 

Yearly  variations  in  average  costs  and  volumes  for  all 
elevators  (Table  2)  suggest  an  important  relationship 
between  total  costs,  initial  moisture,  and  volume  dried. 
The  cost  per  bushel  per  point  for  1967  is  the  lowest 
for  the  4-year  period,  primarily  because  of  the  large  vol- 
ume of  extremely  wet  corn.  The  highest  cost  per  bushel 
per  point  occurs  in  1970  when,  because  of  corn  blight, 
volume  and  moisture  levels  were  unusually  low.  This  indi- 
cates that  many  of  the  differences  in  the  average  costs  of 
drying  are  outside  the  control  of  the  elevator  industry  and 
are  dependent  upon  the  vagaries  of  nature. 

Table  2.  Average  values  of  selected  drying  data  for 
30  Illinois  elevators  for  each  of  four  years 


1967 


1968 


1969 


1970 


Average  bushels  dried.  .    1,296,025    398,353      493,316      385,765 

Average  initial  moisture        23.7  20 . 4  21.5  20.9 

Average  ending  mois- 
ture         14.5  14.4  14.4  14.0 

Average  number  of 

points  removed 9.2  6.0  7.1  6.9 

Average  gas  cost  (cents 

per  bushel  per  point) .      .1443  .1878  .1578  .1844 

Average  total  cost  (cents 

per  bushel  per  point) .      .4095  .6196  .4886  .6559 


Factors  Affecting  Cost  Differences 

The  relationship  between  drying  costs  and  volume 
dried  is  illustrated  in  Figure  1.  Not  all  the  variation  in 
costs  can  be  explained  by  differences  in  volume,  and  two 
elevators  with  identical  volume  often  have  widely  diver- 
gent costs  per  bushel,  as  the  figure  shows.  Identification  of 
the  other  factors  that  help  explain  these  variations  re- 
quires statistical  techniques  capable  of  separating  the 
effects  of  several  variables  acting  simultaneously  on  dry- 
ing costs. 


5  10  15  2  0  2  5  3.0 

MILLIONS  OF  BUSHELS  DRIED-ADJUSTED  TO   20  5  PERCENT  MOISTURE  EQUIVALENT 

Average  drying  costs  at  Illinois  elevators,  1967- 
1970.  Asterisks  show  costs  and  volume  data  for 
elevators  reporting.  (Fig-  1) 

A  regression  equation  in  which  total  cost  per  equiva- 
lent bushel  was  a  function  of  the  variables  of  volume, 
capacity,  points  removed,  type  of  dryer,  and  type  of  fuel 
accounted  for  64  percent  of  the  variation  in  total  costs. 
Capacity  and  volume  were  assumed  to  have  a  nonlinear 
relationship  to  cost  rather  than  a  straight  line  relationship 
(see  Fig.  1),  so  these  two  variables  were  entered  in 
reciprocal  form —  1 /capacity  and  1 /volume.  The  results 
of  model  1  in  Table  3  show  that  volume,  points  re- 
moved, type  of  fuel,  and  type  of  dryer  are  all  significant 
in  explaining  variations  in  total  cost  per  bushel.  Costs 
decline  as  volume  increases  —  that  is,  as  1 /volume  de- 
creases ■ —  and  as  the  number  of  points  removed  increases. 
Dryers  operating  on  natural  gas  have  lower  costs  than 
those  on  propane.  A  batch-type  dryer  has  lower  total 
costs  than  a  continuous  flow  dryer;  this  is  not  a  result  of 
greater  operating  efficiency,  however,  but  reflects  the 
lower  depreciation  costs  due  to  the  greater  age  of  and 
lower  initial  investment  in  those  batch  dryers  in  the 
sample.  Capacity  was  not  a  significant  variable  in  explain- 
ing total  costs. 

The  results  of  model  2  show  the  effect  of  these  same 
variables  on  gas  cost  per  bushel.  Only  the  variables  of 
type  of  fuel  used  and  volume  dried  are  significant.  Since 
natural  gas  prices  per  therm  are  usually  less  than  prices  of 
propane,  gas  costs  per  bushel  were  significantly  lower  at 
elevators  with  natural  gas.  The  addition  of  gas  prices 
(cents  per  therm)  to  this  model  lowered  the  level  of  sig- 
nificance and  did  not  increase  the  percent  of  explained 
variation;  given  the  type  of  gas,  little  variation  in  prices 
was  found. 

An  increase  in  volume  dried  was  associated  with  a 
decrease  in  gas  costs  per  bushel.  One  explanation  is  that 
larger  volumes  allow  more  continuous  dryer  operation. 


Table    3.    Regression    coefficients    relating    selected 

independent  variables  to  the  cost  of  drying  grain 

at  Illinois  elevators 

Independent  Regression  coefficients  from 

variable  

description  Model  1     Model  2      Model  3 

Typeofdryera -1.31  -.122  -.191 

(-3.33)b    (-.80)  (-1.24) 

Initial  moisture —  .094 

(-2.08) 

Points  removed —.16  —  .  1 95  .071 

(-2.88)  (-.88)  (1.46) 

Typeoffuelc -.88  -.537  -.543 

(-3.08)    (-4.81)  (-4.95) 

l/capacityd .258  .024  .044 

(1.31)  (.31)  (.58) 

l/volumee 376  .077  .073 

(10.48)  (5.50)  (5.31) 

Dependent  variable5 1  2  2 

Sample  size 107  107  107 

R2 64  38  41 


a  Continuous  flow  =  1.  batch  =  0. 

b  Numbers  in  parentheses  are  t-values.  Values  greater  than  +1.98 
identify  coefficients  that  are  significantly  different  from  zero  at  the  5  per- 
cent level. 

c  Propane  gas  =  0,  natural  gas  =  1. 

d  The  rated  capacity  is  measured  for  5  points  removal  from  10  bushels 
per  hour. 

e  Volume   is   measured   as   the   equivalent   bushels   of   20.5   percent    corn. 

'Only  two  dependent  variables  were  used:  1  is  the  total  cost  of  drying 
the  equivalent  of  20.5-percent  corn  to  15.5  percent  (removing  5  points  of 
moisture);  2  is  the  gas  cost  of  drying. 


Restarting  the  dryer  every  day  during  cold  weather 
results  in  more  lost  heat  than  does  the  continuous  opera- 
tion frequently  associated  with  large  volumes. 

It  is  evident  from  Table  3  that  a  batch  dryer  is  neither 
more  nor  less  efficient  than  a  continuous  flow  dryer.  Fuel 
requirements  for  moisture  reduction  vary  with  airflow 
and  drying  temperatures,  factors  that  differ  more  from 
dryer  to  dryer  than  between  batch  and  continuous  flow 
dryers. 

As  discussed  on  page  2,  the  theoretical  latent  heat  of 
vaporization  decreases  as  the  moisture  level  is  increased. 
The  results  of  model  3  substantiate  this  conclusion  with  a 
significant  coefficient  for  initial  moisture.  The  coefficient 
shows  that  the  higher  the  initial  moisture,  the  lower  the 
cost  of  evaporating  water.  An  increase  of  one  percentage 
point  in  the  initial  moisture  level  decreases  gas  cost  by 
.094  cents  per  bushel  per  5  points.  It  must  be  recognized, 
however,  that  capacity  is  reduced  as  moisture  level  is  in- 
creased and,  in  periods  of  pressure  on  elevator  capacity, 
the  lower  costs  of  drying  may  be  more  than  offset  by  the 
loss  of  volume  and  the  risk  of  quality  loss.  Including  initial 
moisture  as  a  variable  increases  the  level  of  significance 
for  the  other  variables  over  that  in  model  2;  the  sole  ex- 
ception is  1 /volume,  which  changes  negligibly.  The  sign 
of  the  coefficient  for  points  of  moisture  removed  is  re- 
versed from  that  shown  in  model  2,  although  the  coeffi- 
cient is  not  statistically  significant  in  either  case. 

Presumably,  ending  moisture  would  have  an  effect 
similar  to  initial  moisture  — ■  the  lower  the  ending  mois- 
ture,   the    higher    the    cost.    When    this    variable    was 


included,  however,  the  coefficient  was  not  significant, 
because  nearly  all  elevators  dried  to  14.0  or  14.5  percent 
and  insufficient  variation  existed  to  measure  its  effect. 
This  analysis  implies  three  important  conclusions  for 
country  elevators.  (1)  The  ratio  of  volume  to  capacity 
is  the  most  important  factor  in  explaining  variations  in 
the  total  cost  of  drying.  Any  action  the  elevator  can  take 
to  increase  the  volume  of  corn  dried  with  a  given  size  of 
dryer  will  lower  costs.  Few  elevators  are  currently  using 
the  dryer  at  more  than  25  percent  of  its  total  annual 
capacity.  (2)  Economies  of  size  in  drying  as  measured  by 
capacity  are  relatively  unimportant  in  either  gas  cost  or 
total  cost  per  bushel.  Maximum  volume  for  a  given 
capacity  is  a  more  relevant  consideration.  (3)  Drying 
higher  moisture  corn  will  reduce  the  total  capacity  of  a 
given  size  of  dryer  but  it  does  not  increase  the  drying 
cost  per  bushel  per  point. 

Shrink  During  Drying 

A  cost  often  overlooked  in  drying  corn  is  the  shrink 
that  occurs  during  drying.  The  decrease  in  the  total 
weight  of  corn  as  moisture  is  removed  should  be  included 
as  part  of  the  cost  of  drying.  The  loss  of  water  and  the 
loss  of  dry  matter  during  the  drying  process  can  be 
estimated  by  use  of  any  of  several  shrink  factors.  The 
shrink  resulting  from  the  loss  of  water  only  is  easily 
computed  since  removal  of  one  pound  of  water  from 
100  pounds  of  corn  reduces  its  total  weight  to  99  pounds 
(see  Appendix  A).  There  is  evidence,  however,  that  be- 
sides water  loss  there  is  also  a  loss  of  dry  matter  during 
drying.  This  latter  loss  (often  called  invisible  shrink)  may 
vary  from  nearly  zero  to  several  percent,  depending  upon 
handling  procedures.  This  less  of  weight  becomes  a  part 
of  the  cost  of  drying  at  the  elevator  that  must  be  covered 
by  drying  charges  or  by  a  shrink  factor  applied  when 
wet  grain  is  delivered  by  farmers. 

Alternative  methods  of  including  invisible  shrink  are 
shown  in  Table  4.  The  first  line  in  the  table  shows  the 
bushels  remaining  after  drying  when  only  loss  of  water  is 
assumed.  The  Minary  Chart  values  given  on  the  second 

Table  4.  Bushels  of  15.5-percent  moisture  corn 

remaining  from  1,000  bushels  with  shrink 

computed  by  use  of  four  alternative 

adjustment  factors 


Adjustment 
factor 


Beginning  moisture  (percent) 
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1( 


20       22       24       26       28       30 


Dry  matter  basis*.  .  .  994  970  947  923  899  876  852  828 

Minary  chart 989  965  942  918  894  871  847  823 

Factor  of  1.2b 994  970  946  922  898  874  850  826 

Factor  of  1.25° 994  969  944  919  894  869  844  819 

"  These  values  were  obtained  by  dividing  the  percentage  of  dry  matter 
in  the  corn  at  the  beginning  moisture  level  by  the  percentage  of  dry  matter 
remaining  at  15.5  percent  moisture  and  multiplying  this  ratio  by  1,000 
bushels.  No  invisible  shrink  was  included  in  the  computation. 

b  These  values  were  calculated  by  multiplying  .012  X  points  of  moisture 
removed  X  1,000  bushels  and  subtracting  from  1,000  bushels.  The  factor 
1.2  X  moisture  removed  gives  the  shrink  per  100  bushels. 

c  These  values  were  calculated  by  multiplying  .0125  X  points  of 
moisture  removed  X  1,000  bushels  and  subtracting  from  1,000  bushels. 


line  include  an  invisible  shrink  of  V2  percent  of  the  wet 
weight.  (A  more  complete  table  of  the  Minary  Charts  is 
given  in  Appendix  B,  Table  4.)  The  last  two  shrink 
factors  shown  in  Table  4  give  a  convenient  estimate  of 
shrink  as  a  percent  of  the  total  bushels  times  points 
removed.  Thus  the  shrink  on  100  bushels  with  a  reduction 
of  5  points  of  moisture  is  calculated,  according  to  line  3, 


as  1.2  times  5  =  6  bushels.  At  moisture  levels  below  18 
percent,  it  is  evident  that  a  factor  of  1.25  provides  no 
allowance  for  invisible  shrink;  at  24  percent,  the  factor 
of  1.25  is  equivalent  to  the  Minary  Charts  (that  is,  it  is 
equivalent  to  '/2-percent  invisible  shrink)  ;  above  24  per- 
cent, the  1.25  factor  allows  more  invisible  shrink  than 
the  Minary  Charts. 


MANAGEMENT  TECHNIQUES  FOR  CONDITIONING  CORN 


Most  elevator  managers  will  find  it  profitable  to  pro- 
vide drying  services  for  farmers,  if  only  to  increase 
their  volume  of  business.  Once  the  decision  has  been  made 
to  install  drying  equipment  or  to  expand  existing  capacity, 
several  other  management  decisions  must  be  made  that 
will  determine  the  profitability  of  the  enterprise.  The  kind 
and  size  of  dryer  to  use,  the  amount  to  charge  for  drying, 
and  whether  alternatives  to  drying  can  reduce  drying 
costs  are  among  the  most  important. 


Selecting  the  Kind  of  Dryer 

The  size  and  kind  of  dryer  that  will  best  meet  the  needs 
of  any  particular  elevator  depend  on  the  maximum 
volume  of  grain  to  be  dried  in  any  one  year,  the  pattern 
of  deliveries,  and  the  resulting  quality  of  the  dried  grain. 
Four  basic  types  of  dryers  are  currently  on  the  market, 
with  each  type  available  from  a  number  of  reputable 
companies. 

The  relative  cost  of  the  alternative  dryers  described 
below  depends  primarily  on  the  volume  of  corn  dried. 
Investment  costs  per  bushel  of  capacity  are  generally  less 
for  bin-type  dryers,  but  labor  costs  are  higher  and 
physical  space  requirements  make  these  dryers  generally 
impractical  for  elevator  use.  Operating  costs  are  quite 
similar  for  all  dryers.  As  discussed  on  page  4,  batch 
dryers  tend  to  have  lower  investment  costs  per  bushel 
dried  but  there  is  no  significant  difference  in  gas  or 
operating  costs. 

In-storage  layer  drying  is  a  method  of  filling  and  dry- 
ing a  bin  of  grain  a  layer  at  a  time  with  each  layer 
partially  or  completely  dried  before  the  next  layer  is 
added.  The  grain  is  dried  by  forcing  air  through  a  per- 
forated floor  or  through  an  air  duct  system  in  the  bottom 
of  the  bin.  Although  problems  of  overdrying  the  lower 
layers  are  occasionally  encountered,  the  use  of  small 
quantities  of  heat  —  controlled  by  a  humidistat  or  ther- 
mostat —  will  minimize  this  problem.  For  small  volumes, 
layer  dryers  are  a  relatively  low-cost  way  to  provide 
good  quality  dry  corn. 

Batch-in-bin  dryers  increase  the  speed  of  in-bin  drying 
by  spreading  a  shallow  layer  of  grain  2  to  4  feet  deep  over 
the  perforated  floor.  This  type  of  dryer  uses  drying  air 
temperatures  of  up  to  140°  F.  and  airflow  sufficient  to  dry 
the  batch  overnight.  The  dried  batch  is  cooled,  then 
removed  from  the  bin  with  a  sweep  auger;  the  grain  mix- 
ing that  takes  place  during  the  unloading  is  sufficient 


to  equalize  any  differences  in  moisture  content  that  may 
have  been  created  in  the  batch. 

Greater  drying  bed  depths  are  possible  when  stirring 
mechanisms  such  as  suspended  augers  or  recirculating 
conveyers  are  used  to  stir  and  mix  the  batch  during  the 
drying  process. 

Batch-in-bin  dryers  have  an  advantage  of  greater 
capacity  per  dollar  of  investment,  but  they  require  con- 
siderable space  relative  to  capacity  and  are  not  well- 
adapted  to  large -volume  commercial  operations. 

Batch  dryers  are  designed  with  columns  of  grain,  usu- 
ally 12  to  24  inches  thick,  wrapped  around  a  central  air 
plenum.  Airflow  may  approach  100  cubic  feet  per 
minute  (cfm)  per  bushel  and  drying  air  temperatures  of 
180°  F.  may  be  used.  The  dryers  are  designed  to  remove 
10  points  of  moisture  in  2  to  3  hours;  the  grain  cools 
for  an  additional  20  to  30  minutes  after  the  heat  is  shut 
off.  The  installation  of  automatic  controls  to  load  and 
unload  batch  dryers  has  increased  the  popularity  of  these 
dryers  for  commercial  elevators  that  have  sufficient  wet 
corn  holding  capacity. 

Continuous  flow  dryers  are  better  adapted  to  the  com- 
mercial elevator's  requirements  of  large  volume,  high 
capacity,  and  minimum  labor  than  the  preceding  three 
types.  The  continuous  flow  of  grain  through  the  dryer 
can  be  adjusted  according  to  the  amount  of  moisture 
removal  required.  The  relationship  of  airflow  to  grain 
flow  is  either  cross,  counter,  or  concurrent,  or  a  combina- 
tion of  concurrent-  and  counterflow. 

In  a  crossflow  dryer,  the  flow  of  drying  air  is  perpen- 
dicular to  the  flow  of  grain;  in  a  concurrent-flow  dryer, 
the  air  flows  in  the  same  direction  as  the  grain;  and  in  a 
counterflow  drier,  the  airflow  is  opposite  to  the  movement 
of  the  grain.  Continuous  flow  dryers  are  generally  oper- 
ated with  drying  air  temperatures  in  the  160°  to  200°  F. 
range,  although  some  concurrent-flow  dryers  employ  tem- 
peratures of  300°  F.  and  higher.  Thompson  et  al.1  re- 
ported that  acceptable  corn  quality  was  obtained  with 
drying  air  temperatures  up  to  300°  F.,  using  airflow  rates 
of  50  to  90  cfm  per  square  foot  of  drying-bed  area  in  grain 
depths  of  2  to  4  feet.  According  to  the  report,  crossflow 
dryers  overdried  the  grain  where  the  air  entered  and 
underdried  it  on  the  exhaust  side.  With  the  concurrent- 

1  Thompson,  T.  L.,  G.  H.  Foster,  and  R.  M.  Peart,  April, 
1969.  Comparison  of  Concurrent-Flow,  Crossflow,  and  Counter- 
flow  Grain  Drying  Methods,  Marketing  Research  Report  No. 
841,    U.    S.    Department    of    Agriculture,    Washington,    D.    C. 


flow  and  counterflow  methods,  however,  each  kernel  of 
grain  was  subjected  to  the  same  drying  conditions  and 
the  entire  lot  was  dried  to  a  uniform  moisture  content. 
Counterflow  dryers  removed  more  moisture  per  fcot  of 
drying  bed  than  either  of  the  other  two  dryers.  The 
concurrent-flow  process  removed  most  of  the  moisture 
during  the  initial  stages  of  drying  and  relieved  some  of 
the  kernel  drying  stress  with  a  built-in  tempering  period. 

Drying  capacities  of  continuous  flow  dryers  range  from 
approximately  100  bushels  per  hour  to  2,000  bushels  per 
hour  or  more,  on  the  basis  of  5  points  of  moisture 
removal.  If  a  moisture  reduction  of  10  or  more  points  is 
required,  the  grain  is  sometimes  passed  through  the 
dryer  more  than  once.  Usually,  wet  grain  enters  at  the 
top  of  the  dryer,  flows  through  a  heated  air  section,  then 
passes  through  an  unheated  air  section  from  which  it  is 
discharged  dry  and  cool.  Some  dryers  have  no  cooling 
section;  on  others,  the  cooling  section  can  be  converted 
to  a  heat  section  when  heated  air  drying  is  combined 
with  aeration  in  the  dryeration  process. 

Dryeration  is  a  process  in  which  hot  grain  is  removed 
from  a  heated  air  dryer  and  placed  in  a  separate  bin 
before  drying  is  complete.  The  hot  grain  is  held  without 
cooling  for  a  few  hours  of  tempering.  Excess  moisture  is 
then  removed  by  slow  cooling.  Typically,  corn  discharged 
from  the  dryer  at  temperatures  in  the  range  of  120°  to 
140°  F.  and  then  cooled  to  50°  F.  or  below  with  an  air- 
flow of  one-half  cfm  per  bushel  will  lose  1  to  3  additional 
percentage  points  of  moisture.  Cooling  corn  from  a  dryer 
temperature  of  160°  to  180°  F.  will  reduce  the  moisture 
content  by  4  to  6  percent.  Dryeration,  which  was  devel- 
oped as  a  method  of  improving  corn  quality  by  reducing 
stress  cracks  and  kernel  brittleness,1  thus  increases  the 
capacity  of  heated  air  dryers  by  eliminating  the  cooling 
period  and  by  removing  the  grain  from  the  dryer  before 
drying  is  completed. 

Selecting  the  Size  of  Dryer 

Because  of  the  uncertainties  of  weather,  delivery 
pattern,  corn  production,  and  moisture  content  of  the 
corn,  the  total  drying  capacity  that  would  generate  the 
greatest  net  return  for  any  particular  elevator  cannot  be 
accurately  determined;  some  guidelines,  however,  are 
available.  It  is  obvious,  for  example,  that  having  a  drying 
capacity  equal  to  the  maximum  volume  of  corn  delivered 
in  any  one  day  would  result  in  underutilization  of  the 
dryer  except  for  the  day  on  which  this  maximum  was  re- 
ceived. It  is  also  obvious  that  a  drying  capacity  equal  to 
the  average  daily  receipts  of  corn  over  the  total  season 
would  be  inadequate  during  much  of  the  harvest  peak. 
While  this  would  permit  maximum  use  of  the  dryer  and 
minimum  cost  per  bushel  dried,  the  business  lost  during 
the  rush  season  and  the  risk  of  damaged  corn  would 
offset  the  lower  drying  costs. 

1  McKenzie,  B.  A.,  et  al.  Dryeration  — ■  Better  Corn  Quality 
with  High-Speed  Drying,  AE-72,  Agriculture  College  Coopera- 
tive Extension  Service,  Purdue  University,  Lafayette,  Indiana. 


The  optimum  drying  capacity  is  therefore  less  than  the 
maximum  daily  receipts  of  wet  corn  and  greater  than 
the  average  daily  receipts  during  the  year.  This  range 
may  be  narrowed  further  by  noting  that  most  wet  corn 
may  be  held  as  long  as  three  days  before  drying.  Thus, 
maximum  drying  capacity  should  be  less  than  the  average 
receipts  for  the  three  largest  consecutive  clays.  Minimum 
drying  capacity  should  be  at  least  equal  to  the  average 
daily  receipts  during  the  harvest  season.  The  exact  inter- 
val between  these  two  extremes  depends  upon  the  pattern 
of  delivery,  the  costs  and  returns  of  drying  and  merchan- 
dising,  and   the   expected   moisture   levels  of   the   corn. 

Determining  optimum  capacity.  In  order  to  simulta- 
neously consider  all  of  these  restrictions,  a  linear  pro- 
gramming model  was  constructed  to  represent  the 
decision  alternatives  available  to  the  elevator  manager. 
Sensitivity  analysis  was  then  used  to  determine  the 
effect  of  various  delivery  patterns  and  profit  levels  on 
the  optimum  size  of  dryer. 

For  purposes  of  analysis  the  drying  season  was  divided 
into  three  periods:  a  3-month  harvesting  period,  a  7-day 
peak  during  harvest,  and  the  remainder  of  the  wet 
corn  season.  It  was  assumed  that  the  dryer  could  be 
operated  24  hours  per  day  during  the  7-day  peak,  500 
hours  during  the  entire  3-month  harvest  period,  and  a 
total  of  1,168  hours  during  the  entire  drying  season. 
Rated  capacity  for  removal  of  5  points  of  moisture  was 
used  in  determining  volume  dried  per  hour. 

For  purposes  of  the  model  it  was  assumed  that  the 
annual  fixed  costs  of  the  dryer  were  $7.58  per  bushel  of 
capacity  purchased  regardless  of  the  size  of  the  dryer  or 
the  volume  of  corn  dried.  Variable  costs  of  1.25  cents  per 
bushel  for  removal  of  5  points  were  used  during  most  of 
the  year  but  were  increased  to  1.35  cents  per  bushel  dur- 
ing the  harvest  season  because  of  the  possible  need  for 
overtime  labor.  It  was  assumed  that  an  average  of  5 
points  of  moisture  was  removed  from  all  corn  received. 

An  elevator's  return  on  drying  is  the  custom  drying 
charge  paid  by  farmers;  in  the  case  of  elevator- 
owned  corn,  returns  may  be  calculated  from  the  moisture 
discount  as  illustrated  in  Appendix  B.  Both  of  these 
methods,  however,  fail  to  recognize  the  influence  of  dry- 
ing capacity  on  the  total  volume  of  corn  and  its  effect  on 
merchandising  and  storage  income.  An  elevator  capable 
of  receiving  and  drying  corn  as  rapidly  as  farmers  wish 
to  deliver  it  frequently  attracts  additional  volume  from 
competitors  unable  to  provide  this  service.  It  is  often 
difficult  to  place  a  specific  monetary  value  on  this  effect 
but  for  purposes  of  illustration  an  arbitrary  1  cent  per 
bushel  dried  was  used  in  this  model.  In  the  following 
discussion  and  tables,  returns  to  drying  plus  the  income- 
creating  value  of  a  dryer  are  referred  to  as  gross  returns 
to  drying.  For  example,  a  gross  return  of  6  cents  per 
bushel  consists  of  a  5-cent  farmer  pajment  lor  drying  and 
a  1  cent  per  bushel  allowance  for  the  value  of  the  service 
in  attracting  additional  merchandising  and  storage 
income. 
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Calculations.  The  first  example  used  was  an  elevator  with 
a  potential  annual  volume  of  150,000  bushels  of  wet  corn 
—  112,500  bushels  of  which  are  delivered  during  harvest 
and  37,500  of  that  112,500  bushels  delivered  during  a 
7-day  peak  during  harvest.  The  results  are  shown  in 
Table  5.  The  effect  of  different  levels  of  gross  returns  on 
dryer  size  and  on  the  volume  of  corn  dried  was  deter- 
mined by  parametric  programming. 

Table   5.   Optimum   dryer  size   for  different   levels 

of  returns  when  potential  annual  volume 

is  150,000  bushelsa 

_                              ,     .                   Bushels  dried  during  Drver 

Gross  returns  to  drying . ' 

(cents  per  bushel)  7-day      3-month       Total  S1^ 

peak        harvest        season      (bu./nr.J 

2.00 4,200  16,700  54,200  25 

2.48 25,200  100,200  137,500  150 

5.86 35,000  110,000  147,500  208 

7.67 36,875  111,875  149,375  224 

8.00 37,500  112,500  150,000  458 

a  The  seasonal  delivery  pattern  was  25  percent  (37.500  bushels)  of  the 
total  volume  available  during  the  7-day  peak  and  75  percent  (112,500 
bushels)  of  the  total  during  the  3-month  harvest. 


At  gross  returns  of  2  cents,  much  of  the  harvest  rush  is 
turned  away  because  annual  profits  are  too  low  to  justify 
idle  dryer  capacity  during  a  large  portion  of  the  year.  At 
returns  of  2.48  cents,  dryer  size  is  sufficient  to  permit  dry- 
ing all  but  12,300  bushels  of  corn  delivered  during  the  7- 
day  peak.  At  higher  levels  of  returns,  a  larger  dryer  is 
purchased  even  though  there  is  excess  capacity  during 
most  of  the  drying  season.  At  gross  returns  of  5.86  cents 
per  bushel,  all  but  2,500  bushels  of  the  peak  deliveries 
are  dried.  At  gross  returns  of  8  cents,  drying  capacity  is 
increased  to  458  bushels  per  hour,  and  it  becomes  prof- 
itable to  dry  all  the  corn  available.  The  same  relationship 
holds  true  at  larger  volumes,  as  illustrated  for  1.000,000 
bushels  in  Table  6. 

The  effect  of  different  delivery  patterns  is  shown  in 
Table  7.  As  the  percent  of  volume  delivered  during  the 
7-day  peak  increases  (potential  annual  volume  and 
harvest  deliveries  remaining  the  same),  dryer  size  in- 
creases but  not  enough  to  handle  the  entire  volume  of 
corn.  Less  grain  is  dried  in  pattern  7  than  in  pattern  2, 
since  10,000  bushels  of  grain  delivered  during  the  7-day 
peak  are  turned  away.  Similarly,  an  increase  in  dryer 
sizes  is  evident  in  delivery  patterns  4  through  6  as  the  3- 
month  harvest  deliveries  increase,  all  else  remaining  con- 
stant. Total  volume  dried,  however,  increases  with  the 
larger  dryer  because  of  the  opportunity  to  dry  more  of  the 
7-day  peak  deliveries. 

A  comparison  of  Table  5  with  pattern  5  of  Table  7 
reveals  that,  for  a  given  pattern  of  deliveries  and  gross 
returns  to  drying,  volume  and  capacity  are  directly  re- 
lated: if  volume  is  increased  by  some  multiple,  dryer  size 
is  increased  by  the  same  multiple.  Thus  the  entries  in 
Table  7  can  be  converted  to  their  equivalent  for  any 


Table   6.   Optimum  dryer  size  for   different   levels 

of  returns  when  potential  annual  volume 

is  1,000,000  bushels3 

„,                             ,     .                 Bushels  dried  during  Drver 

Gross  returns  to  drying - ,;" 

(cents  per  bushel)  7-day       3-month       Total  S1^ 

peak         harvest       season        (.bu./hr.; 

2.00 84,000  334,000       584,000  500 

2.41 168,000  418,000       918,000  1,000 

5.86 175,000  425,000       925,000  1,042 

6.61 205,000  455,000       955,000  1,250 

9.25 250,000  500,000  1 ,000,000  1 ,615 

a  The  seasonal  delivery  pattern  was  25  percent  (250,000  bushels)  of  the 
total  volume  available  during  the  7-day  peak  and  50  percent  (500,000 
bushels)  of  the  total  during  the  3-month  harvest. 


other  annual  volume;  for  example,  dryer  sizes  for  a 
volume  of  500,000  bushels  would  be  one-half  the  recom- 
mended sizes  in  Table  7. 

Because  of  the  many  variables  involved,  no  simple 
rule  of  thumb  for  selecting  a  dryer  size  can  provide 
accurate  results.  Some  examples,  however,  may  be  useful 
when  combined  with  the  pattern  of  relationships  shown 
in  Tables  5  through  7.  Assume  that  a  gross  return  to 
drying  of  6  cents  per  bushel  is  anticipated.  This  could  be 
1  cent  per  bushel  per  point  for  5  points  of  mois- 
ture removed  plus  1  cent  per  bushel  for  the  value  of 
customer  service.  If  receipts  are  highly  concentrated  with 
75  percent  of  the  wet  corn  coming  during  the  3-month 
harvest  and  50  percent  of  annual  volume  received  during 
the  7-day  peak,  dryer  size  may  be  estimated  as  292 
bushels  of  capacity  for  each  100,000  bushels  of  annual 
volume. 

Not  all  of  the  peak  receipts  can  be  economically  dried 
unless  drying  charges  are  increased  —  see  pattern  7  of 
Table  7.  If  the  receipts  can  be  distributed  over  a  longer 
period  —  through  early  season  specials  or  by  higher 
charges  during  the  heaviest  delivery  period  —  a  smaller 
dryer  is  sufficient.  With  a  delivery  pattern  of  50  percent 
at  harvest  and  25  percent  during  the  7-day  peak,  each 
100,000  bushels  of  volume  require  only  104  bushels  per 
hour  of  drying  capacity.  Only  when  the  7-day  peak  drops 

Table  7.  Optimum  dryer  size  for  varying  delivery 

patterns  when  gross  returns  are  6  cents  per  bushel 

and  annual  volume  is  1,000,000  bushels 


Pattern 

Percent  of  annual 
volume  delivered  in: 

Dryer 

size 

(bu./hr.) 

Annual 

number 

7-day 
peak 

3-month 
harvest 

dried 

1 

2 

3 

4 

5 

6 

7 

8 

10 

10 

10 

25 

25 

25 

50 

.  .      50 

50 
75 

100 
50 
75 

100 
75 

100 

100 

1,000 
1,300 
1,800 
1,042 
1,250 
1,500 
2,917 
2,500 
3,333 

1,000,000 
1,000,000 
1,000,000 
925,000 
960,000 
985,000 
990,000 
920,000 

9 

75 

810,000 

below  25  percent  of  annual  volume  is  it  profitable  to 
purchase  drying  capacity  adequate  to  dry  all  the  wet 
corn  available  at  charges  of  1  cent  per  bushel  per  point. 
For  a  pattern  of  50  percent  at  harvest  and  10  percent 
during  the  peak,  dryer  size  may  be  estimated  as  100 
bushels  per  hour  capacity  for  each  100,000  bushels  of 
potential  volume.  The  ratio  for  other  patterns  can  be 
easily  calculated  from  Table  7. 

In  selecting  the  optimum  dryer  size,  the  manager 
should  not  only  examine  past  records  but  also  consider 
potential  changes  in  volume  handled  and  in  the  pattern 
of  receipts  in  future  years.  He  should  also  evaluate  the 
elevator's  policies  on  charges  and  delivery  schedules  and 
should  weigh  alternative  methods  of  handling  high  mois- 
ture corn. 

One  of  the  implications  of  this  analysis  is  that  in  order 
for  an  elevator  to  provide  the  seasonal  services  demanded 
by  farmers,  drying  charges  must  be  higher  than  actual 
costs  of  operation  at  full  capacity.  The  greater  the  sea- 
sonal fluctuations  in  deliveries,  the  higher  the  drying 
charges  will  have  to  be  for  the  elevator  to  profitably  dry 
all  the  corn  the  farmers  deliver. 

Elevator  Charges  for  Custom  Drying 

Elevators'  charges  for  drying  corn  have  two  functions: 
to  cover  fixed  and  variable  costs  of  drying  and  to  adjust 
the  demand  for  drying  services  to  the  capacity  available 
for  hire.  The  costs  of  drying  have  already  been  discussed. 

Viewed  in  the  long  run,  drying  capacity  can  be  ex- 
panded at  a  nearly  constant  cost  per  bushel,  and  the 
equilibrium  between  demand  and  supply  will  occur  at  the 
average  cost  of  drying.  Shortrun  fluctuations  in  the  de- 
mand for  drying,  however,  and  inherent  seasonal  patterns 
of  demand  result  in  a  shortrun  imbalance  between  the 
supply  of  drying  capacity  and  the  demand  for  drying 
services.  Flexible  drying  charges  help  allocate  the  avail- 
able capacity  in  such  a  way  that  the  elevator  can  dry  the 
maximum  volume  of  grain.  During  periods  of  low  de- 
mand, volume  may  be  increased  by  setting  charges  near 
the  cost  of  operating  the  dryer.  During  periods  when 
demand  exceeds  the  capacity  of  the  dryer,  higher  charges 
may  be  necessary  to  slow  the  delivery  rate  of  wet  corn 
and  avoid  a  backlog  of  grain  that  can  go  out  of  condition. 

Desirable  though  it  may  be  to  regulate  the  shortrun 
demand  for  drying  services,  charges  much  above  cost  will 
encourage  farmers  to  seek  alternatives  to  drying  at  the 
elevator.  Farmer  responsiveness  to  changes  in  the  drying 
charge  is  illustrated  in  Figure  2.  Data  collected  from  436 
farmers  and  250  elevators  regarding  the  1967  harvest 
season  indicated  that  the  percent  of  farmers  owning 
dryers  was  much  higher  in  areas  that  reported  drying 
charges  of  1  cent  per  bushel  per  point  than  in  areas  that 
reported  Vi  cent  per  bushel  per  point.  Moreover,  because 
dryers  are  seldom  left  idle  once  they  are  purchased,  this 
reaction  is  not  readily  reversible,  and  decreasing  the 
drying  charge  will  seldom  decrease  the  number  of  farmer- 
owned  dryers. 
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1.0  1.5  2.0 

DRYING  CHARGE  (CENTS  PER  BUSHEL  PER  POINT) 

Effect  of  elevator  charges  on  farm  drying.     (Fig.  2) 

The  factors  which  must  be  considered  by  the  elevator 
manager  in  setting  a  schedule  of  drying  charges  are, 
therefore,  his  direct  costs  of  drying,  the  total  cost  of  dry- 
ing, the  fluctuations  in  the  demand  for  drying  services, 
and  the  charges  in  effect  at  other  elevators  in  the  same 
market  area.  If  the  charges  for  drying  are  varied  over 
time,  the  average  charge  must  be  at  least  equal  to  the 
total  cost  of  drying  plus  reasonable  returns  to  capital 
and  management.  Charges  below  direct  costs  of  dry- 
ing may  increase  volume  handled  but  are  generally  not 
in  the  best  interests  of  the  industry  or  the  firm.  The 
manager  with  flexibility  to  change  the  level  of  charges 
can  increase  volume  handled  and  hence  profits  because 
he  can  respond  to  seasonal  variations  in  demand  and  to 
the  pressures  of  competition. 

Cost  Reduction  Techniques 

Shortrun  profits  from  drying  may  be  increased  with 
charges  kept  constant  either  by  lowering  costs  or  by  in- 
creasing volume.  As  indicated  previously,  one  of  the  pri- 
mary determinants  of  the  cost  per  bushel  for  drying  corn 
is  the  total  volume  dried,  and  the  effect  of  volume  on 
labor,  depreciation,  and  interest  expense  per  bushel  has 
already  been  demonstrated.  Managerial  decisions  that  can 
encourage  farmers  to  deliver  a  larger  volume  of  grain  to 
the  elevator  for  drying  include  lower  charges,  special 
early-season  rates,  advertising,  and  general  public  rela- 
tions. 
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There  are  also  several  operational  techniques  a  man- 
ager can  use  to  lengthen  his  drying  season  and  thus  in- 
crease his  annual  volume.  During  periods  when  corn 
with  very  high  moisture  content  is  being  delivered,  for 
example,  he  may  remove  5  to  8  points  of  moisture, 
holding  the  partially  dried  corn  under  aeration  for  fur- 
ther drying  when  deliveries  have  dropped  off.  This 
effectively  increases  drying  capacity,  but  the  additional 
handling  cost  may  be  prohibitive  in  plants  where  aerated 
storage  is  not  coordinated  with  the  drying  operation.  The 
limits  to  storage  of  partially  dried  corn  are  shown  in 
Figure  3  and  discussed  in  the  next  section,  "Alternatives 
to  Drying." 

Drying  capacity  may  also  be  increased  by  raising  the 
drying  air  temperature,  increasing  the  airflow  in  the 
dryer,  or  both.  Higher  air  temperatures  should  be  used 
cautiously,  however,  to  avoid  excessive  kernel  tem- 
peratures and  possible  problems  with  quality  (page  13). 

During  the  peak  of  harvest,  scheduling  deliveries  from 
producers  will  increase  utilization  of  available  capacity. 
Advance  scheduling  can  also  improve  customer  relations, 
since  producers  can  plan  their  harvesting  and  delivery 
rates  and  avoid  waiting  lines  and  delays  at  the  elevator. 
The  elevator  manager  benefits  from  a  more  even  flow  of 
wet  grain  to  the  dryer  and  an  extended  drying  season. 

Blending  different  moisture  levels  of  grain  is  a  common 
technique  for  lowering  the  average  moisture  content  of 
the   wet   grain   without   drying.   This   practice   currently 


meets  grading  standards  but  does  not,  however,  increase 
the  storage  life  of  the  wet  corn.  The  rate  of  deterioration 
in  a  blend  of  moisture  levels  is  the  same  as  that  of  the 
wettest  corn  in  the  mixture.  A  moisture  range  of  2  or  3 
points  will  seldom  create  any  problems  in  a  blend  and 
in  fact  is  probably  unavoidable,  given  the  facilities  and 
practices  found  at  most  elevators.  But  blends  of  corn 
where  the  range  of  moisture  is  as  great  as  8  or  10  points 
should  be  avoided  unless  the  blend  is  to  be  dried  or 
consumed  within  the  storage  limits  of  the  wettest  grain  in 
the  mixture. 

Dryer ation  (see  page  7)  increases  dryer  capacity  but 
has  little  effect  on  the  total  cost  of  conditioning  the  corn. 
Reduced  fuel  costs  and  increased  capacity  per  dollar 
of  investment  in  drying  equipment  are  offset  by  increased 
power  requirements  for  aeration,  investments  in  holding 
bins  and  associated  equipment,  and  handling  costs.  The 
quality  of  the  dried  grain  is  the  most  important  advan- 
tage of  this  technique. 

While  different  kinds  and  models  of  dryers  differ 
slightly  in  their  efficiency  in  removing  moisture,  drying 
costs  per  bushel  are  more  affected  by  differences  in  the 
adjustment  and  operation  of  the  equipment.  Because  of 
this,  at  any  given  installation  there  may  be  greater  varia- 
tions between  dryers  of  the  same  brand  and  model  than 
between  the  equivalent  dryers  of  different  brands.  It  is 
important  to  properly  adjust  and  operate  every  dryer 
according  to  the  manufacturer's  instructions. 


ALTERNATIVES  TO  DRYING 


High-moisture  corn  may  be  stored  and  conditioned 
without  using  a  heated-air  grain  dryer.  The  alterna- 
tives to  this  at  present  offer  few  or  no  cost  advantages  over 
traditional  drying  techniques  but  they  are  appropriate 
in  particular  situations.  Cooling  high-moisture  corn 
extends  its  allowable  storage  time  (Fig.  3),  which  can 
relieve  some  of  the  pressure  on  drying  facilities  at  the 
peak  of  harvest.  This  method  of  managing  corn  works 
best  if  the  moisture  content  at  harvest  is  no  greater  than 
22  or  23  percent  and  if  the  average  daily  air  temperature 
is  about  40°  F.  or  below;  otherwise,  the  corn  is  likely  to 
deteriorate  before  it  can  be  cooled  and  dried. 

How  Aeration  Cools  Grain 

As  cool  air  is  passed  through  grain,  heat  is  removed 
and  grain  temperature  is  lowered.  In  addition,  un- 
saturated air  releases  heat  to  evaporate  moisture  from 
wet  grain,  cooling  both  the  air  and  the  grain  in  the  pro- 
cess. As  the  temperature  of  the  air  drops,  however,  its 
ability  to  evaporate  water  decreases.  This  ability  is 
measured  by  the  difference  between  the  dry  bulb  tem- 
perature and  the  wet  bulb  temperature.1  When  the  dry 

1  "Wet  bulb"  refers  to  the  temperature  indicated  by  a 
thermometer  that  has  its  bulb  encased  in  a  wet  cloth.  The 
difference  between  the  dry  bulb  and  wet  bulb  temperatures 
(the  wet  bulb  depression)  is  an  indication  of  the  relative 
humidity. 


bulb  and  wet  bulb  temperatures  are  equal,  the  air  is  100 
percent  saturated  and  no  additional  evaporation  of  mois- 
ture or  cooling  of  the  air  will  take  place.  At  relative 
humidities  of  less  than  100  percent,  however,  the  wet  bulb 
temperature  will  be  lower  than  the  dry  bulb  temperature 


30  40  50  60  70 

ALLOWABLE      STORAGE     TIME  ,     DAYS 


Allowable  storage  time  for  shelled  corn  at  various 
temperatures  and  moisture  contents.  During  these 
times  the  grain  will  lose  .5  percent  in  dry  matter 
but  will  still  be  acceptable.  Data  are  from  the  U.  S. 
Department  of  Agriculture  Grain  Storage  Research 
Laboratory  at  Ames,  Iowa.  (Fig-  3) 
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Table  8.  Wet  bulb  temperatures  at  various 
relative  humidities 


Relative 

Dry 

bulb  temperature, 

°F. 

humidity 

30 

40 

50 

60 

100  percent 

30.0 

40.0 

50.0 

60.0 

90 

29.0 

39.0 

48.5 

58.5 

80 

28.0 

37.5 

47.0 

56.5 

70 

27.0 

36.0 

45.5 

54.5 

60 

26.0 

35.0 

43.5 

52.5 

50 

25.0 

33.5 

42.0 

50.0 

(Table  8) .  This  means  that  the  wet  corn  will  become 
several  degrees  cooler  than  the  dry  bulb  temperature  of 
the  entering  air  as  the  unsaturated  air  evaporates  mois- 
ture from  the  corn  and  cools  to  the  wet  bulb  temperature. 
The  recommended  airflow  rate  for  cooling  corn  at 
harvest  time  is  Vi  cfm  per  bushel.  At  this  rate,  the  corn 
will  reach  the  wet  bulb  temperature  after  about  24  hours 
of  fan  operation.  If  the  fan  is  operated  only  at  night  —  to 
take  advantage  of  lower  nighttime  air  temperatures  —  it 
will  take  three  or  four  days  to  complete  the  cooling. 

Winter  Aeration 

Continuous  aeration  during  late  fall  and  through  the 
winter  will  reduce  corn  moisture  content.  During  periods 
of  high  humidity,  damp  air  will  lose  some  moisture  to  the 
corn  through  which  it  first  passes,  if  the  corn  has  less  than 
about  22  percent  moisture.  The  resulting  drier  air  can 
then  penetrate  further  into  the  moist  corn  before  becom- 
ing saturated.  This  tends  to  equalize  the  moisture  of  all 
the  grain,  which  helps  prevent  deterioration  in  the  wettest 
grain.  Continuous  aeration  utilizes  heat  energy  from  the 
air  to  remove  additional  moisture  from  the  grain.  During 
periods  of  warm  weather  during  winter,  grain  tempera- 
tures increase.  Then  as  outside  temperatures  fall,  the  rela- 
tive humidity  of  the  cool  air  is  lowered  as  it  strikes  the 
warmer  grain  and  more  moisture  is  evaporated  as  the 
grain  is  recooled. 

Experimental  work  with  aeration  indicates  that  it  is 
best  to  operate  the  fan  continuously  when  corn  has  an 


Table  9.  Equilibrium  percent  moisture  content 

of  shelled  corn  at  various  air  temperatures 

and  relative  humidities 


Air 
temp. 

(°F.) 


Relative  humidity  (percent) 


50 


55 


60 


65 


70 


75 


80 


85 


90 


30 


13.0     13.5     14.5     15.5     16.5     17.4     18.7     20.3     22.5 


40 

12.5 

13.0 

13.8 

14.7 

15.5 

16.5 

17.6 

19.4 

21.5 

50 

12.0 

12.5 

13.3 

14.0 

14.8 

15.8 

16.9 

18.6 

20.5 

60 

11.4 

12.0 

12.6 

13.4 

14.0 

15.0 

16.0 

17.7 

19.5 

80 

10.4 

11.0 

11.6 

12.2 

13.0 

14.0 

15.0 

16.2 

17.9 

100 

9.3 

10.2 

11.0 

11.8 

12.3 

13.2 

14.2 

15.3 

16.7 

140 

7.9 

8.4 

8.8 

9.6 

10.3 

11.1 

12.1 

13.3 

14.6 

initial  moisture  content  of  20  percent  or  more.  With  a 
lower  initial  moisture,  however,  the  fan  might  well  be 
controlled  with  a  humidistat.  From  December  through 
February,  for  example,  the  average  relative  humidity  in 
the  Corn  Belt  may  approach  80  percent,  and  air  this 
moist  at  temperatures  below  50°  F.  will  dry  corn  only  to 
17  to  19  percent  (Table  9).  Moisture  content  can  be 
further  reduced  only  by  aerating  when  relative  humidity 
is  below  about  80  percent  —  which  can  be  controlled  with 
a  humidistat. 

Aeration  of  dry  grain  with  airflows  of  0.1  cfm  per 
bushel  and  less  has  usually  been  done  by  operating  the 
fans  to  pull  air  downward  through  the  grain.  This  down- 
ward movement  of  air  partially  offsets  the  moisture 
migration  that  results  from  the  natural  tendency  for  air 
to  move  upward  from  the  warm  grain  toward  the  cool 
upper  surface.  The  exhaust  air,  which  is  usually  compara- 
tively warm  and  moist,  is  expelled  through  warm  grain  in 
the  lower  part  of  the  bin  and  not  through  the  cold  upper 
surface  where  some  moisture  might  condense. 

When  greater  airflows  —  lA  cfm  or  more  per  bushel 
—  are  used  to  hold  or  dry  wet  corn,  forcing  air  through 
the  grain  is  preferable.  This  takes  advantage  of  the  heat 
dissipated  by  the  fan  motor,  which  is  often  enough  to 
raise  the  temperature  of  the  air  by  1  to  3  degrees.  At  air 
temperatures  below  50°  F.,  a  3-degree  increase  in  dry 
bulb  temperature  should  lower  the  relative  humidity  by 
about  10  percentage  points;  this  is  sufficient  to  change  the 
equilibrium  moisture  content  of  corn  by  about  2  per- 
centage points  (Table  9) . 

When  forced  air  is  used,  fines  and  trash  are  kept  off  the 
air  ducts  so  that  air  movement  is  not  restricted.  Storage 
buildings  cannot  be  collapsed  with  forced  air  as  can  hap- 
pen if  air  pulled  through  the  grain  creates  a  strong 
vacuum.  In  storage  facilities  that  use  long  ducts,  placing 
a  duct  under  pressure  also  gives  a  more  uniform  distribu- 
tion of  air  than  does  exhausting  air  from  the  duct. 
Further,  this  method  makes  it  easier  for  the  operator  to 
check  the  condition  of  the  corn.  If  air  is  drawn  down 
through  the  corn,  the  upper  layers  dry  first  and  the 
operator  might  overlook  the  fact  that  the  grain  lower 
down  is  still  wet ;  when  the  air  is  forced  upward,  however, 
the  wettest  corn  is  on  top,  where  it  can  be  easily  in- 
spected. Low-pressure,  high-volume  fans  may  be  needed 
to  move  additional  air  over  the  surface  of  the  grain  to 
prevent  condensation  of  moisture  on  the  underside  of  the 
roof  of  the  storage  bin. 

Power  Requirements 

Power  requirements  are  an  important  consideration  in 
aeration.  The  recommended  minimum  airflow  is  V2  cfm 
per  bushel.  Power  requirements  go  up  so  rapidly  with 
an  increase  in  airflow  that  an  airflow  of  much  over  1  cfm 
per  bushel  is  limited  to  shallow  grain  depths.  Figure  4 
indicates  the  size  of  aeration  fan  needed.  For  example, 
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GRAIN      DEPTH 


20 
-  FEET 


25 


30 


Static  pressure  requirements  for  airflow  in  shelled 
corn.  Based  on  a  multiplier  of  1.5  applied  to  Shedd's 
data  (Agr.  Eng.  Jour.,  vol.  34,  Sept.,  1953).  (Fig.  4) 


if  an  airflow  of  xh  cfm  per  bushel  is  desired  and  the  grain 
depth  is  20  feet,  a  fan  capable  of  delivering  Vz  cfm  per 
bushel  against  a  static  pressure  of  Wi  inches  of  water  is 
required.  If  there  are  20,000  bushels  of  grain,  the  fan 
must  deliver  10,000  cfm.  The  actual  motor  size  can  be 
estimated  from  Figures  5  and  6,  which  show  typical  air 
delivery  rates  for  vane-axial  and  centrifugal  fans. 
Actually,  the  fan  selected  should  be  big  enough  to  deliver 
10,000  cfm  at  a  pressure  slightly  greater  than  Wz  inches 
to  compensate  for  the  V&-  to  V4-inch  pressure  loss  likely  to 
occur  in  the  transition  from  the  fan  to  the  plenum.  In 
floor  duct  systems  the  pressure  loss  will  be  even  greater. 
Screening  corn  and  distributing  it  evenly  into  storage  will 
help  make  aeration  and  drying  more  efficient. 

Low -Temperature  Drying 

Low-temperature  drying  is  a  method  of  reducing  corn 
moisture  over  an  extended  period  of  several  weeks,  using 
a  much  lower  air  flow  rate  and  temperature  rise  (usually 
5  to  8°  F.)  than  in  traditional  heated  air  dryers.  The 
slower  rate  of  drying  results  in  fewer  stress  cracks  and 
less  mechanical  damage  than  with  continuous  flow  dryers. 

Table  10  indicates  how  much  the  air  temperature  must 
be  raised  to  dry  corn  satisfactorily  in  the  cool  weather 
that  usually  prevails  in  Illinois  at  harvest.  For  example, 
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Typical  performance  of  centrifugal  fans.  Not  to  be 
used  for  power  requirement  selection.  Refer  to  man- 
ufacturer's performance  ratings.  (Fig-  5) 
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Typical  performance  of  vane-axial  fans.  Not  to  be 
used  for  power  requirement  selection.  Refer  to  man- 
ufacturer's performance  ratings.  (Fig-  6) 
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drying  corn  to  14  percent  when  the  air  temperature  is 
50°  F.  and  relative  humidity  is  80  percent  requires  a 
temperature  rise  of  5  degrees.  The  amount  of  heat  re- 
quired to  raise  the  temperature  of  the  drying  air  can  be 
calculated  by  the  formula : 

Btu/hr.  =  1.1  X  desired  temperature  rise  X  cfm. 

If  the  air  passes  over  the  fan  motor,  heat  from  the 
motor  will  contribute  1  or  2  degrees  of  the  required  tem- 
perature rise  shown  in  Table  10.  In  order  to  complete 
drying  in  a  reasonable  length  of  time  (3  to  6  weeks),  a 
minimum  airflow  rate  of  one  cfm  per  bushel  is  required. 
Power  requirements  for  a  given  airflow  can  be  approxi- 
mated by  finding  the  static  pressure  for  a  given  depth  of 
corn  from  Figure  4  and  referring  to  the  fan  manufac- 
turer's ratings  (air  volumes  at  various  static  pressures). 
All-electric  equipment,  including  electrical  resistance 
heaters,  is  being  installed  in  many  low-temperature  dry- 
ing systems  to  provide  the  additional  heat  energy.1 


Table  10.  Temperature  increase  required  for  low- 
temperature  drying  of  shelled  corn  (°F.) 


Average  daily 
air  condition 

Tern-     Relative 
perature  humidity 


Final  moisture  level  desired 
(percent,  wet  basis) 


16 


15 


50  °F. 


40 


90  percent 4 

80 1 

70 (*)a 

60 (*) 


30 


90. 
80. 
70. 
60. 

90. 
80. 

70. 
60. 


5 

3 

(*) 

(*) 

6 
4 
1 

(*) 


6 
3 

(*) 
(*) 

7 

4 

1 

(*) 

8 
5 
2 
(*) 


14 


5 
2 
(*) 

9 

7 
4 
(*) 

10 
8 
5 
2 
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10 

7 
4 

1 

11 
9 
6 
3 

12 
10 

7 
4 


a  The  indicated  moisture  content  (or  lower)   is  achieved  without  increas- 
ing air  temperature. 


CORN  QUALITY  CONSIDERATIONS 


Kernel  temperature  is  an  important  determinant  of 
corn  quality.  Apparently  there  is  no  significant 
change  in  the  feeding  value  of  corn  dried  at  kernel  tem- 
peratures as  high  as  180°  F.  Corn  dried  for  the  corn  mill- 
ing industry,  however,  is  generally  limited  to  140°  F. 
kernel  temperature.  Seed  corn  is  dried  with  a  maximum 
air  temperature  of  110°  F.  Except  with  seed  corn,  the 
drying  air  temperature  may  be  considerably  higher  if  the 
kernel  is  not  exposed  long  enough  to  become  overheated. 
Thompson  and  Foster2  demonstrated  that  many  of 
the  kernel  stress  cracks  associated  with  heated  air  corn 
drying  were  formed  during  the  final  stages  of  drying  and 

1  Additional  information  on  low-temperature  grain  drying 
with  electric  heat  is  available  from  the  Agricultural  Engineering 
Department,  University  of  Illinois,  Urbana,  Illinois  61801. 


the  fast  cooling  period.  Stress  cracks  contribute  to  break- 
age during  handling  and  mean  smaller  and  lower- 
quality  grits  in  the  milling  processes.  Stress  cracks  in 
dried  corn  can  be  reduced  by  dryeration  (see  page  7). 
Since  the  quality  of  corn  is  not  decreased  when  it 
dries  naturally  in  the  field,  it  would  appear  that  a  similar 
quality  could  be  achieved  with  artificial  drying  if  drying 
air  temperatures  were  kept  sufficiently  low.  Because  speed 
of  drying  is  also  a  consideration,  however,  it  may  be 
necessary  to  sacrifice  some  quality  in  order  to  dry  large 
volumes  of  wet  corn. 


2  Thompson,  Ralph  A.,  and  George  H.  Foster,  1963.  Stress 
Cracks  and  Breakage  in  Artificially  Dried  Corn,  Marketing 
Research  Report  No.  631,  U.  S.  Department  of  Agriculture, 
Washington,  D.  C. 
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APPENDIX  A.  Shrink  During  Drying 


One  hundred  pounds  of  25-percent  moisture  corn 
contains  75  pounds  of  dry  matter  and  25  pounds  of 
water.  During  drying,  water  is  evaporated,  which  reduces 
the  amount  of  water  and  therefore  the  total  weight  of 
the  original  quantity  of  corn.  Removing  10  pounds  of 
water  does  not  result  in  15-percent  moisture  corn,  how- 
ever, but  in  16%-percent  moisture  corn  (15  pounds  of 
water  remaining  ■—  90  pounds  of  total  weight  remaining 
X  100  =  16%  percent).  Because  the  total  weight  is 
changed  during  drying,  100  pounds  of  25-percent  mois- 
ture corn  must  have  11.76  pounds  of  water  removed  to 
become  15-percent  corn.  This  is  calculated  by  the  for- 
mula: weight  of  water  remaining  -f-  (weight  of  dry  mat- 
ter remaining  +  weight  of  water  remaining)   =  percent 


moisture.  In  this  case,  xh-  (75  +  x)  =15  percent,  and 
x  =  13.24  pounds  of  water  remaining.  The  result  is  easily 
verified  by  dividing  13.24  pounds  of  water  remaining 
by  88.24  pounds  of  total  weight  remaining  and  multiply- 
ing by  100  to  get  15  percent. 

Invisible  loss  generally  included  in  shrink  tables  refers 
to  loss  of  dry  matter.  An  invisible  loss  of  V2  percent  of 
the  original  weight  of  100  pounds  would  be  V2  pound, 
so  the  15-percent  corn  would  contain  74.5  pounds  of  dry- 
matter  and  13.15  pounds  of  water  [x-f-  (74.5  +  x)  = 
15  percent,  so  x  =  13.15  pounds  of  water]. 

It  is  often  more  convenient  to  use  standard  tables,  such 
as  Table  4  in  Appendix  B,  to  determine  the  total  weight 
and  shrink. 


100  POUNDS  OF 
25- PERCENT 
MOISTURE 
CORN 


f 

75  POUNDS  OF 
DRY  CORN 

,  25  POUNDS  OF 

*^4 

s 


AFTER 


DRYING 


WATER 


75  POUNDS  OF 
DRY  CORN 


13.2  POUNDS  0F- 
^  WATER. 


88.2  POUNDS  OF 
15- PERCENT 
MOISTURE 
CORN 
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APPENDIX  B.  Comparison  of  Returns  from  Selling  Corn  on  the  Moisture 
Discount  with  Returns  from  Selling  15.5-Percent  Corn 

Table  1.  Moisture  discounts,  shrink  and  returns  from  1,000  bushels  of  corn  at  various  moisture  levels, 

and  prices  of  Number  2  corn:  2  cents  discount  per  pointa 


Moisture 

level 
(percent) 


Market 

discount 

(cents  per 

bushel) 


Total 
receipts  if 

sold  as 
wet  corn 


Bushels  of 
15.5-percent 

corn  left 
after  drying1* 


Total   receipts 

if  sold  as 

15.5-percent 

corn 


Returns  from  drying 


Total 


Cents  per 
bushel 


Number  2  corn  priced  at  $1.00  per  bushel 

30 29  $     710.00  823.40             $ 

28 25  750.00  847.07 

25.5 20  800.00  876.66 

22.5 14  860.00  912.16 

20.0 9  910.00  941.75 

18.5 6  940.00  959.50 

Number  2  corn  priced  at  $1.20  per  bushel 

30 29  $     910.00  823.40             J 

28 25  950.00  847.07 

25.5 20  1,000.00  876.66 

22.5 14  1,060.00  912.16 

20.0 9  1,110.00  941.75 

18.5 6  1,140.00  959.50 

Number  2  corn  priced  at  $1.40  per  bushel 

30 29  $1,110.00  823.40             ] 

28 25  1,150.00  847.07 

25.5 20  1,200.00  876.66 

22.5 14  1,260.00  912.16 

20.0 9  1,310.00  941.75 

18.5 6  1,340.00  959.50 

a  Market   discount    is   computed    on    the   basis   of   2   cents    for   each  percent   of   moisture  above    15.5    percent 
b  The  weight  loss  through  drying  includes  '/s-percent  invisible  shrink. 


823.40 
847.07 
876.66 
912.16 
941  .  75 
959.50 


988.08 
1,016.48 
1,051.99 
1,094.59 
1,130.10 
1,151.40 

1,152.76 
1,185.90 
1,227.32 
1,277.02 
1,318.45 
1,343.30 


113.40 
97.07 
76.66 
52.16 
31.75 
19.50 


78.08 
66.48 
51.99 
34.59 
20.10 
11.40 


42.76 
35.90 
27.32 
17.02 
8.45 
3.30 


11.3 
09.7 
07.7 
05.2 
03.2 
02.0 


07.8 
06.6 
05.2 
03.5 
02.0 
01.1 


04.3 
03.6 
02.7 
01.7 
00.8 
00.3 


Table  2.  Moisture  discounts,  shrink  and  returns  from  1,000  bushels  of  corn  at  various  moisture  levels, 

and  prices  of  Number  2  corn:  3  cents  discount  per  pointa 


Moisture 

level 
(percent) 


Market 
discount 
(cents  per 

bushel) 


Total 
receipts  if 

sold  as 
wet  corn 


Bushels  of 
15.5-percent 

corn  left 
after  dryingb 


Total    receipts 

if  sold  as 

15.5-percent 

corn 


Returns  from  drying 

rr  .   ,  Cents  per 

Total  ,      ,  K, 

bushel 


Number  2  corn  priced  at  $1.00  per  bushel 

30 43.5  $     565.00  823.40 

28 37.5  625.00  847.07 

25.5 30.0  700.00  876.66 

22.5 21.0  790  00  912.16 

20.0 13.5  865.00  941.75 

18.5 9.0  910.00  959.50 

Number  2  corn  priced  at  $1.20  per  bushel 

30 43.5  $     765.00  823.40 

28 37.5  825.00  847.07 

25.5 30.0  900.00  876.66 

22.5 21.0  990.00  912.16 

20.0 13.5  1,065.00  941.75 

18.5 9.0  1,110.00  959.50 

Number  2  corn  priced  at  $1.40  per  bushel 

30 43.5  $     965.00  823.40 

28 37.5  1,025.00  847.07 

25.5 30.0  1,100.00  876.66 

22.5 21.0  1,190.00  912.16 

20.0 13.5  1,265.00  941.75 

18.5 9.0  1,310.00  959.50 


823.40 
847.07 
876.66 
912.16 
941.75 
959.50 


S  988.08 
1,016.48 
1,051.99 
1,094.59 
1,130.10 
1,151.40 

51,152.76 
1 , 1 85 . 90 
1,227.32 
1,277.02 
1,318.45 
1,343.30 


$258.40 

222.07 

176.66 

122.16 

76.75 

49.50 


$223.08 

191.48 

151.99 

104.59 

65.10 

41.40 


H87.76 

160.90 

127.32 

87.02 

53.45 

33.30 


25.8 
22.2 
17.7 
12.2 
07.7 
05.0 


22.3 
19.1 
15.2 
10.5 
06.5 
04.1 


18.8 
16.1 
12.7 
08.7 
05.3 
03.3 


a  Market   discount   is   computed   on   the   basis   of   3   cents   for   each   percent   of  moisture   above    15.5   percent. 
b  The  weight  loss  through  drying  includes  Vi-percent  invisible  shrink. 
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Table  3.  Returns  from  drying  at  various  prices  and  moisture  levels  of  corn  (cents  per  bushel  per  point)1 


Moisture  level 
(percent) 


$.90 


Corn  price 


$1.00 


.10 


$1.20 


$1.30 


$1.40 


$1.50 


30 903 

28 896 

25.5 890 

22.5 871 

20.0 844 

18.5 800 

30 1.903 

28 1.896 

25.5 1.890 

22.5 1.871 

20.0 , 1.844 

18.5 1.800 


Discount  of  2 

cents  per  point 

.779 

.662 

.537 

.776 

.656 

.528 

.770 

.640 

.520 

.743 

.614 

.500 

.711 

.578 

.444 

.667 

.500 

.367 

Discount 

of  3 

cents  per  point 

1.779 

1.662 

1.538 

1.776 

1.656 

1.528 

1.770 

1.640 

1.520 

1  .743 

1  .614 

1.500 

1.711 

1.578 

1.444 

1  .667 

1.500 

1.367 

.414 
.408 
.400 
.371 
.311 
.233 


1.414 
1.408 
1.400 
1.371 
1.311 
1.233 


.297 
.288 
.270 
.243 
.178 
.100 


1.297 
1.288 
1.270 
1.243 
1.178 
1.100 


.172 
.168 
.150 
.114 
.067 
.033 


1.172 
1.168 
1.150 
1.114 
1.067 
0.967 


a  Computed  from  the  same  data  as  Tables  1  and  2. 


Table  4.  Bushels  of  corn  remaining  when  1,000  bushels  of  corn  are  dried  to  selected  moisture  levels 

with  invisible  shrink  computed  at  i/£  percent 


Beginning  moisture 
(percent) 


13.0 


14.0 


Ending  moisture  levels  (percent) 


15.5 


16.0 


17.0 


18.0 


19.0 


20.0 


13.0 1000 

13.5 989.3 

14.0 983.5 

14.5 977.8 

15.0 972.0 

15.5 966.3 

16.0 960.5 

16.5 954.8 

17.0 949.0 

17.5 943.3 

18.0 937.5 

18.5 931.8 

19.0 926.0 

19.5 920.3 

20.0 914.5 

20.5 908.8 

21.0 903.0 

21.5 897.3 

22.0 891.6 

22.5 885.8 

23.0 880.1 

23.5 874.3 

24.0 868.6 

24.5 862.8 

25.0 857.1 

25.5 851.3 

26.0 845.6 

26.5 839.8 

27.0 834.1 

27.5 828.3 

28.0 822.6 

28.5 816.8 

29.0 811.1 

29.5 805.3 

30.0 799.6 

30.5 793.9 


1000 

989.2 

983.4 

977.6 

1000 

971.7 

989.1 

1000 

965 . 9 

983.2 

989.0 

960.1 

977.2 

983.1 

1000 

954.3 

971.3 

977.1 

989.0 

948.5 

965.4 

971.2 

983.0 

1000 

942.7 

959.5 

965.2 

976.9 

988.9 

936.9 

953.6 

959.3 

970.9 

982.8 

1000 

931.0 

947.7 

953.3 

964.9 

976.7 

988.8 

925.2 

941.7 

947.4 

958.9 

970.6 

982.6 

1000 

919.4 

935.8 

941.4 

952.8 

964.5 

976.5 

988.7 

913.6 

929.9 

935.5 

946.8 

958.4 

970.3 

982.5 

907.8 

924.0 

929.5 

940.8 

952.3 

964.1 

976.2 

902.0 

918.1 

923.6 

934.8 

946.2 

958.0 

970.0 

896.2 

912.2 

917.6 

928.7 

940.1 

951.8 

963.7 

890.3 

906.2 

911.7 

922.7 

934.0 

945.6 

957.5 

884.5 

900.3 

905.7 

916.7 

927.9 

939.4 

951.2 

878.7 

894.4 

899.8 

910.7 

921.8 

933.3 

945.0 

872.9 

888 . 5 

893.8 

904.6 

915.7 

927.1 

938.7 

867.1 

882.6 

887.9 

898.6 

909.6 

920.9 

932.5 

861.3 

876.7 

881.9 

892.6 

903.5 

914.7 

926.2 

855.5 

870.7 

875.9 

886.6 

897.4 

908.6 

920.0 

849.7 

864.8 

870.0 

880.5 

891.3 

902.4 

913.7 

843.8 

858.9 

864.0 

874.5 

885.2 

896.2 

907.5 

838.0 

853.0 

858.1 

868.5 

879.1 

890.1 

901.2 

832.2 

847.1 

852.1 

862.5 

873.0 

883.9 

895.0 

826.4 

841.2 

846.2 

856.4 

866.9 

877.7 

888.7 

820.6 

835.2 

840.2 

850.4 

860.8 

871.5 

882 . 5 

814.8 

829.3 

834.3 

844.4 

854.8 

865.4 

876.2 

809.0 

823.4 

828.3 

838.4 

848.7 

859.2 

870.0 

803 . 1 

817.5 

822.4 

832.3 

842.6 

853.0 

863.7 

March,  1972 


Issued  in  furtherance  of  Cooperative  Extension  Work,  Acts  of  May   8  and   June   30,   1914,   in   cooperation   with   the   U.S.    Department   of  Agricul- 
ture. JOHN  B.  CLAAR,  Director,  Cooperative  Extension  Service,  University  of  Illinois  at  Urbana-Champaign.  <4M — 1-73 — 23664) 
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